In the late endocytic pathway, it has been proposed that endocytosed macromolecules are delivered to a proteolytic environment by 'kiss-and-run' events or direct fusion between late endosomes and lysosomes. To test whether the fusion hypothesis accounts for delivery to lysosomes in living cells, we have used confocal microscopy to examine content mixing between lysosomes loaded with rhodamine-dextran and endosomes subsequently loaded with Oregon-Green-dextran. Both kissing and explosive fusion events were recorded. Data from cell-free content-mixing assays have suggested that fusion is initiated by tethering, which leads to formation of a trans-SNARE (soluble N-ethylmaleimide-sensitive fusion protein attachment protein receptor) protein complex and then release of lumenal Ca 2ϩ , followed by membrane bilayer fusion. We have shown that the R-SNARE (arginine-containing SNARE) protein VAMP (vesicle-associated membrane protein) 7 is necessary for heterotypic fusion between late endosomes and lysosomes, whereas a different R-SNARE, VAMP 8 is required for homotypic fusion of late endosomes. After fusion of lysosomes with late endosomes, lysosomes are re-formed from the resultant hybrid organelles, a process requiring condensation of content and the removal/recycling of some membrane proteins.
Introduction
Lysosomes are intracellular membrane-bound organelles containing many hydrolytic enzymes which are optimally active at an acidic pH. They may be distinguished from late endosomes because they lack MPRs (mannose 6-phosphate receptors) and recycling cell-surface receptors. They are usually regarded as the terminal degradation compartment of the endocytic pathway in which endocytosed macromolecules are first delivered to early endosomes, then to late endosomes and finally to lysosomes [1] . In mammalian cells, lysosomes characteristically appear as organelles of ~0.5 m diameter with heterogeneous morphology, often containing electron-dense deposits and membrane whorls (reviewed in [2] ). They can make up 0.5-5% of the cell volume, and are concentrated near the microtubule-organizing centre [3] . In yeast, the functional equivalent of the lysosome is the vacuole [4] . Both are acidic compartments containing a variety of hydrolytic enzymes that are involved in the degradation of macromolecules. Recently, there has been much interest in the idea that lysosomes are dynamic organelles, rather than simply a terminal compartment of the endocytic pathway. In some cell types, notably cells in the haematopoietic lineage, there is evidence that the lysosomal compartment is modified to form secretory lysosomes or lysosome-related organelles which contain celltype-specific proteins that are subject to regulated secretion [5] . A regulated secretory function for conventional lysosomes has also been recognized because of evidence, in many cell types, that both conventional lysosomes and lysosome-related organelles can repair plasma membrane damage occurring in response to experimental, physiological or pathological trauma [6, 7] .
Biosynthetic delivery to lysosomes
In both yeast and mammalian cells, there is now a plethora of information available concerning how newly synthesized hydrolases and membrane proteins are delivered from the TGN (trans-Golgi network) to the lysosome/vacuole (for reviews see [8] [9] [10] ). In mammalian cells, most newly synthesized acid hydrolases are delivered to lysosomes after being tagged with mannose 6-phosphate in the cis-Golgi and binding to MPRs in the TGN. The bound hydrolases are first delivered to endosomes, where they dissociate from the receptors as a result of the acidic lumenal pH, allowing the receptors to recycle to the TGN and onward traffic of the hydrolases to lysosomes. Clathrin, together with its heterotetrameric adaptor AP-1 (activator protein 1) and the monomeric adaptors known as GGAs (Golgi-localized, ␥-ear-containing, ADP-ribosylation-factor-binding proteins) are required for MPR traffic from the TGN to endosomes [11] . Trafficking of newly synthesized lysosomal membrane proteins from the TGN does not require binding to MPRs, and occurs by either an indirect route via the plasma membrane or a direct intracellular route in which the heterotetrameric adaptor AP-3 (activator protein 3) is implicated. In yeast, there is evidence that the AP-3-mediated route from the TGN to the vacuole avoids endosomal compartments [12] . In mammalian cells, the site at which AP-3 functions has been ascribed to both the TGN and endosomes [13] [14] [15] .
Dynamic equilibrium in the late endocytic pathway
Although it has been relatively easy to identify and characterize late endosomes and lysosomes by subcellular fractionation and morphological techniques (late endosomes often have the appearance of multivesicular bodies, or MVBs), establishing cell-free assays to examine interactions between them has been more difficult. This is because many endocytosed macromolecules are digested rapidly once they reach the degradative environment in these compartments. Nevertheless, content mixing and/or exchange of membrane proteins has been observed between late endosomes, between lysosomes, and between late endosomes and lysosomes (reviewed in [10] ), showing that these organelles interact with each other and are in dynamic equilibrium both in vivo and in vitro. Not only are they interacting with each other and receiving proteins from the biosynthetic delivery route, but they also receive membrane proteins and lumenal content from early endosomes in the endocytic pathway and from autophagosomes in the autophagocytic pathway. In each of these pathways, proteins required at specific vesicle formation and fusion steps have been characterized. Many have been identified first from genetic screens in yeast, with the role of mammalian orthologues being established subsequently in experiments using transfected mammalian cells or cell-free assays.
Delivery from endosomes to lysosomes
Our own studies have focused on delivery from late endosomes to lysosomes. This delivery step is essential to deliver macromolecules destined for degradation by lysosomal hydrolases. Such macromolecules include proteins and lipoproteins endocytosed after binding to cell-surface receptors and released into the endosome lumen as a result of dissociation at the acidic pH found there. They also include membrane proteins tagged by ubiquitination and delivered to lumenal vesicles in MVBs as a result of the activity of ESCRT (endosomal sorting complexes required for transport) proteins [16, 17] .
Four hypotheses have been proposed to explain transfer of lumenal content from endosomes to lysosomes, although they are not mutually exclusive [8, 10, 18] (Figure 1 ). The first proposes endosomal maturation. Although this is a popular explanation well described in textbooks (e.g. [19] ), the evidence is weak. Thus changes in organelle density observed after incubating late endosomes with cytosol and ATP, are insufficient to be consistent with the formation of lysosomes [20, 21] . Moreover, the maturation hypothesis cannot explain content mixing observed in cell-free and livingcell assays (see below). The second hypothesis is vesicular transport, for which the best evidence comes from the results of a yeast cell-free assay in which pre-incubation of a donor pre-vacuolar fraction with cytosol and ATP gave rise to a separable membrane fraction, containing a transportable content marker, that could be used as a functional intermediate in a second incubation with acceptor membranes [22] . No specific identification of the putative transfer vesicles was made in these experiments, and the authors Membrane traffic to and from lysosomes 79
did not address the question of whether their separable membrane fraction could have been a 'matured' endosome fraction itself capable of fusing with vacuoles. The third hypothesis is termed 'kiss and run', and proposes that late endosomes and lysosomes undergo continuous repeated transient fusion and fission events [23] . This hypothesis explains data from experiments in which small soluble markers appeared to move more readily between lysosomes and endosomes than larger soluble markers. The fourth hypothesis is the 'hybrid organelle' or 'fusion-fission' hypothesis, in which direct fusion between late endosomes and lysosomes is proposed with subsequent re-formation of lysosomes for re-use [18] . Experimental evidence leading to this hypothesis came initially from EM (electron microscopy) studies [24, 25] and from cell-free assays in which content mixing between late endosomes and lysosomes was studied using membrane fractions derived from rat liver [26] . In this system, the immunoprecipitable product of content mixing between late endosomes and lysosomes was recovered in membrane-bound organelles intermediate in density between late endosomes and lysosomes. Using EM, these organelles, which were less electron-dense than lysosomes, contained markers derived from both lysosomes and late endosomes, consistent with them being late endosome-lysosome hybrid organelles. There was no evidence for vesicles being involved in content transfer between late endosomes and lysosomes in the rat liver cell-free system.
Delivery from endosomes to lysosomes in living cells
To address the question of how endocytosed macromolecules are delivered to lysosomes in living cells, we have recently established a content-mixing assay using different fluorochrome-conjugated dextrans in living cells. Our assay is based on previous experiments where we showed using EM that when BSA-gold conjugates were endocytosed by fluid-phase uptake in NRK (normal rat kidney) fibroblastic cells, they accumulated in dense core lysosomes [25] . We loaded lysosomes in NRK cells with dextran conjugated to rhodamine and then incubated these cells with dextran conjugated to Oregon Green 488 for short periods of time, such that late endosomes were the main organelles containing the Oregon Green. The cells were transferred to the heated stage of an inverted microscope equipped with a confocal laser-scanning attachment, and time-lapse images were recorded to determine how content mixing of the two fluorochrome-laden organelle populations was achieved. We have performed experiments that clearly show that the content mixing we observed between the two organelle populations had the following characteristics: (i) content mixing was only seen between organelles in physical contact; (ii) no vesicles trafficking between the organelles were observed; (iii) both kissing events and explosive fusion events were seen, with kissing sometimes, but not always, preceding explosive fusion; (iv) tubulation sometimes occurred from either type of organelle, and tubules were able to exchange contents with other organelles by both kissing and explosive fusion events; and (v) tubulation could be prevented by nocodazole, which causes microtubule depolymerization, but this did not inhibit content mixing completely (N.A. Bright, M.J. Gratian and J.P. Luzio, unpublished work). These data are in agreement with a role for microtubules similar to that reported for tubulation-dependent fusion of phagosomes [27] . Overall, our data from experiments on living cells are consistent with both 'kiss and run' and direct fusion occurring between late endosomes and lysosomes, but not with vesicular transfer. In some experiments, we have determined the ultrastructure of the compartments that exchange content using CLEM (correlative live cell and EM). By adding fixative during the kissing phase of some endosome-lysosome interactions, we have captured images showing that the point of explosive fusion had been reached with electron-dense lysosomal content diffusing into the endosome lumen. In the future, we hope to use CLEM to identify the location of the components of the molecular machinery for fusion during kissing and explosive fusion events.
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Molecular machinery for endosome-lysosome fusion
Formation of hybrid organelles in the rat liver cell-free system is ATP-, cytosol-and temperature-dependent [26] and requires the presence of NSF (N-ethylmaleimide-sensitive factor), SNAPs (soluble NSF-attachment proteins), a small GTPase of the Rab family, probably Rab7, and Ca 2ϩ /calmodulin [26, 28] . Together, these characteristics are consistent with fusion being mediated, according to the SNARE (SNAP receptor) hypothesis, by specific integral membrane protein SNAREs together with the common cytosolic fusion machinery used at many other sites on the secretory and endocytic pathways [29] . The Rab and Ca 2ϩ requirements were identified because fusion was inhibited respectively by Rab-GDI (GDP-dissociation inhibitor) and the fast-acting calcium chelator, BAPTA (1,2-bis[2-aminophenoxy]ethane-N,N,NЈ,NЈ-tetra-acetic acid). The availability of these two inhibitors, Rab-GDI and BAPTA, has allowed the experimental ordering of the processes that they inhibit [28] . Thus Rab-GDI acts very early in the fusion process and BAPTA very late. By analogy with what is known about homotypic yeast vacuole fusion, where the Rab7 orthologue Ypt7p is involved in recruiting putative tethering proteins and there is a late calcium/calmodulin requirement for membrane fusion, it has been possible to propose a model for the mechanistic steps involved in late endosome-lysosome fusion [10, 18] (Figure 2 ). In this model, the initial Rab7-dependent tethering of the organelles is followed by trans-SNARE complex formation and the release of lumenal Ca 2ϩ , leading to membrane fusion. Consistent with this model are data from experiments in which Rab7 was overexpressed in mammalian cells and caused lysosome aggregation [30] . Overexpression of dominant-negative mutants caused dispersion of lysosomes, and they became inaccessible to endocytosed molecules. The best candidates for proteins involved in the tethering complexes functioning late in the endocytic pathway of mammalian cells are the mammalian homologues of the yeast Vps (vacuolar protein sorting) proteins Vps11p, Vps16p, Vps18p, Vps33p, Vps39p and Vps41p. Studies of overexpression and knockdown of mammalian Vps18p and Vps39p have shown that they are involved in clustering of late endosomes and lysosomes [31, 32] . Although they function early in the overall fusion process, these tether proteins are not specific for heterotypic late endosome-lysosome fusion. They also appear to play a role in homotypic fusion events in the endocytic pathway, including homotypic early endosome fusion [33] .
For homotypic fusion of late endosomes, antibody-inhibition data have shown that the partners of syntaxin 7 in the trans-SNARE complex are syntaxin 8, Vti1b, and VAMP 8 [34] . These four SNAREs provide respectively the necessary Qa, Qb, Qc [glutamine-containing t-SNAREs (target SNAREs)] and R [argininecontaining v-SNAREs (vesicle transport SNAREs)] SNAREs for a functional complex [35] . The core of this complex has been crystallized and its structure has been solved [36] . In contrast, a different combinatorial trans-SNARE complex is required for heterotypic late endosome-lysosome fusion consisting of the same Q-SNAREs (syntaxin 7, syntaxin 8 and Vti1b) and a different R-SNARE, VAMP 7 [37] . VAMP 7 [also known as TI-VAMP (toxin-insensitive VAMP) or VAMP SYBL1 (synaptobrevin-like 1)] is an unusual R-SNARE in having a relatively long (~110-amino-acid) regulatory domain at its N-terminus which is required for delivery of this VAMP 7 to late endocytic compartments as a result of binding to AP-3 [38] . Intriguingly, VAMP 7 is able to form combinatorial trans-SNARE complexes with Q-SNAREs other than those used for heterotypic fusion between late endosomes and lysosomes. Thus lysosomal VAMP 7 forming a trans-SNARE complex with the plasma membrane Q-SNAREs syntaxin 4 and SNAP-23 is responsible for Ca 2ϩ -regulated exocytosis of lysosomes [39] . VAMP 7 has also been implicated as an R-(v-) SNARE in vesicle traffic, in polarized epithelial MDCK (Madin-Darby canine kidney) cells, from the TGN to the apical membrane where it interacts with syntaxin 3 and SNAP-23 [40] , as well as in vesicle delivery for neurite outgrowth, where it interacts with syntaxin 1 and SNAP-25 [38, 41] . Release of lumenal Ca 2ϩ , which is necessary for membrane fusion between late endosomes and lysosomes, is probably promoted by trans-SNARE complex formation, as has been described for yeast vacuole fusion [42] . Figure 2 The mechanism of late endosome-lysosome fusion. The diagram shows the possible stages of fusion of late endosomes with lysosomes and reformation of lysosomes from the subsequent hybrid organelles. There is evidence that the R-SNARE VAMP 7 and the Q-SNARE complex are present on both late endosomes and lysosomes. In this representation, VAMP 7 is shown on the lysosome and the Q-SNARE complex on the late endosome. Tethering is shown preceding trans-SNARE assembly and Ca 2ϩ release from the organelles is shown preceding fusion. Reformation of lysosomes from the hybrid organelles requires a process to recycle SNAREs for subsequent rounds of fusion and the condensation of lumenal content to produce dense core lysosomes.
Reformation of lysosomes from hybrids: membrane traffic out of lysosomes
The process of fusion of late endosomes with lysosomes would consume both organelles if no recovery process occurred. We have proposed that lysosome reformation from hybrid organelles occurs by content condensation and a membrane-retrieval process which removes endosomal membrane proteins and recycles SNAREs [18] . Lysosomes can be re-formed from hybrid organelles in a cell-free system, and we found that content condensation in this system required both a proton-pumping ATPase and lumenal Ca 2ϩ [28] . We have also observed small vesicular tubular structures budding off hybrid organelles, after endosome-lysosome fusion, in experiments on living cells (N.A. Bright, M.J. Gratian and J.P. Luzio, unpublished work). One set of candidate machinery that might mediate the membrane-retrieval process is the retromer complex first described in yeast as a complex of Vps5p, Vps17p, Vps26p, Vps29p and Vps35p. Loss of any of these proteins results in the accumulation of endosomal and recycling Golgi proteins at the vacuole, resulting in a type of endosome-vacuole hybrid. Depletion of the Vps26p orthologue in mammalian cells leads to a similar phenotype, including some swelling and vacuolarization of lysosomal compartments [43, 44] .
It has been suggested that the absence of the Ca 2ϩ -transporter mucolipin 1 in cells from patients with the autosomal recessive disease mucolipidosis type IV, and its orthologue CUP-5 in Caenorhabditis elegans, results in failure to re-form lysosomes from hybrids and thereby causes disease [45] . This may be due to the requirement for intraorganellar Ca 2ϩ for the condensation of content in the reformation of lysosomes from hybrid organelles. However, loss of mucolipin 1 or CUP-5 may also cause defects in the retrieval of components from endosome-lysosome hybrids, possibly by inhibiting formation of specific transport vesicles or other intermediates.
Conclusions
An overall description of membrane traffic in the late endocytic pathway has now emerged with both 'kiss and run' and explosive fusion events being required for delivery of lumenal content from late endosomes to lysosomes. The trans-SNARE complex for heterotypic fusion of late endosomes and lysosomes has been described with a key role for the R-SNARE VAMP 7. A challenge now is to understand how the regulatory domain of VAMP 7 regulates heterotypic fusion and whether any interacting proteins are important for this regulation. Similarly, the mechanistic details are scant to explain the process whereby lysosomes are re-formed from endosome-lysosome hybrid organelles.
